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Abstract
Despite being remote, polar and sub-polar regions are increasingly threatened by global ecological change. For instance, 
South America’s sub-Antarctic forest ecoregion is considered one of the world’s last wilderness areas and a global reference 
site for pre-Industrial Revolution nutrient cycles. Nonetheless, the North American beaver (Castor canadensis) was intro-
duced to Tierra del Fuego in 1946 and, as an invasive ecosystem engineer, has transformed the ecology of regional water-
sheds. Beavers’ engineering activities transform forested streams (FS) into beaver ponds (BP), where there is greater light 
and primary production (allochthonous organic matter) and, consequently, increased basal resource quality. To investigate 
this, we analyzed algal, diatom, fungal and bacterial fatty acid (FA) biomarkers in three basal resource categories (biofilm, 
very fine benthic organic matter, coarse benthic organic matter) and benthic consumers from four functional feeding groups 
(FFG). The amphipod Hyalella spp. was chosen as an indicator species due to its abundance and biomass in both habitats. 
Hyalella spp. had higher proportions of algal and bacterial FA in BP than FS. In FS, Hyalella spp. (gatherer) and Gigantodax 
spp. (filterer, Diptera) had greater contributions of higher quality FA (higher in polyunsaturated FA), while Rheochorema 
magallanicum (predator, Trichoptera) and Meridialaris spp. (scraper, Ephemeroptera) showed lower quality monounsatu-
rated and saturated FA. All FFGs showed evidence of microbial FA and had higher levels of autochthonous FA biomarkers 
than their food resources. Scrapers had the greatest proportion of autochthonous FA. These data provide new insights into 
the utilization of basal resources by stream consumers in sub-Antarctic streams and how beavers modify these ecosystems.
Keywords Basal resources · Benthic macroinvertebrates · Biological invasion · PUFA · Exotic species · Lipid analysis · 
Patagonia
Introduction
Food web analyses allow the integration of population and 
community-level parameters for broader ecosystem assess-
ments of energy flow and trophic interactions (Polis and 
Strong 1996; Polis et al. 2004). However, it is often difficult 
to link specific components of basal resources with their ulti-
mate origin and fate in food webs. As a result, efforts have 
been made to use biomarkers and other chemical indicators 
(e.g., contaminants, essential fatty acids, heavy metals, sta-
ble isotopes, etc.) (Arts and Wainman 1999; Vander Zanden 
et al. 1999; Pollierer et al. 2010; Bierwagen et al. 2019). 
Traditionally, food web ecology has emphasized energy 
and material flows and used such methods as the trophic 
basis of production (TBP, Benke and Wallace 1980) and 
quantification of elemental flows (Cross et al. 2007), which 
measure flows of energy, and quantity of carbon, nitrogen 
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and phosphorus. However, these techniques alone do not 
fully elucidate the origin and fate of certain biomolecules or 
microelements that may be important in animal diets (Volk 
and Kiffney 2012; Jardine et al. 2015; Guo et al. 2016).
Often, the relative importance of basal food sources 
has been determined by the quantity of food ingested by 
consumers, as determined by gut content analyses and 
direct feeding observations (Lau et al. 2008; Benke 2018). 
However, differences between what consumers ingest and 
what is actually assimilated can complicate assessments of 
trophic status and ecological roles (Whiles et al. 2010). In 
particular, lipid analyses, including fatty acids (FA), offer a 
complementary methodology to further enhance our under-
standing of food web dynamics. Recently, this approach has 
become more common and less cost-prohibitive, leading to 
its greater adoption in stream benthic ecosystem research to 
clarify not only food web relationships, but also drivers of 
change in these systems (e.g., Larson et al. 2013). There-
fore, FA analyses complement and enhance other techniques, 
such as stable isotopes, gut analyses and TBP, because they 
provide additional detail and resolution concerning specific 
food web components.
Numerous natural and human-induced drivers can influ-
ence food web dynamics and basal resource quality, includ-
ing season, land use, and eutrophication (Arts et al. 2009; 
Kominoski and Rosemond 2012). While Tierra del Fuego’s 
sub-Antarctic ecoregion has largely escaped anthropogenic 
drivers of global ecological change (e.g., urbanization, 
eutrophication) and was classified as one of the last “wil-
derness areas” on the planet (Mittermeier et al. 2003), these 
watersheds are heavily invaded by the North America bea-
ver (Castor canadensis) (Anderson et al. 2006; Valenzuela 
et al. 2014). Indeed, today, the sub-Antarctic forest biome 
has the highest number of invasive terrestrial mammals of 
any ecoregion in the Southern Cone (Ballari et al. 2015). 
This biological invasion, as a result, has caused the largest 
landscape-level alteration of sub-Antarctic streams in the 
Anthropocene, affecting stream ecosystem structure and 
function, including impacts to benthic resource quantity and 
availability (Anderson and Rosemond 2007, 2010; Papier 
et al. 2019). Beavers are known to increase terrestrially 
derived organic matter standing crops in Tierra del Fuego 
(Anderson and Rosemond 2007), but based on data from 
North America, they potentially enhance phytoplankton as 
well (Naiman et al. 1986). Thus, these cool low productivity 
and highly oligotrophic sub-Antarctic forested streams found 
in the Tierra del Fuego Archipelago (Moorman et al. 2009) 
are being transformed by invasive beavers (Anderson et al. 
2009; Westbrook et al. 2017). In particular, beaver engineer-
ing increases the retention of organic matter and decreases 
substrate diversity, which simultaneously increases benthic 
secondary production and flows of amorphous detritus, but 
decreases taxonomic diversity (Anderson and Rosemond 
2007). Nonetheless, more detailed information is lacking in 
southern Patagonia as to how these modifications to resource 
quantity and quality influence macroinvertebrate ingestion 
and assimilation of FA and ultimately benthic community 
dynamics.
Therefore, to complement previous studies in this region 
and build on what was learned via TBP (Anderson and Rose-
mond 2010), we conducted a study of FA profiles in the 
benthic food webs of a natural, forested stream (FS) and a 
modified beaver pond (BP). Our specific objectives were to 
better understand the origin, composition and fate of organic 
matter in impacted sub-Antarctic streams by (i) assessing the 
FA profiles of benthic basal resources in sites with and with-
out beaver impacts, (ii) determining the FA profiles of four 
dominant benthic macroinvertebrate taxa, representing each 
major functional feeding group (FFG), and (iii) comparing 
the FA profiles of the consumer Hyalella spp. (Amphipoda), 
which is abundant in both BP and FS. We hypothesized that 
FA from basal resources in the BP would have more indica-
tors of autochthonous sources than those in the FS. While 
beavers increase allochthonous material input and retention 
in the stream, they also expand the surface area of the water 
body and open the tree canopy, thereby potentially shifting 
lower order streams to conditions more similar to higher 
order ones (as per the River Continuum Concept: RCC; Van-
note et al. 1980). Therefore, we expected that the resource 
base and also consumers in the BP would demonstrate a 
greater reliance on primary producers.
Methods
Study site
This study was carried out in the Róbalo River on Nava-
rino Island within Chilean portion of the Tierra del Fuego 
Archipelago to the south of the Beagle Channel (54°56.3′S; 
63°37.7′W; Fig. 1). Field research was conducted in two 
habitat types: (1) Natural Forest (FS): a stream segment of 
the Róbalo River not influenced by beavers or humans and 
whose intact natural riparian forest vegetation was a mix of 
co-dominant Nothofagus pumilio and N. betuloides, and (2) 
Beaver Pond (BP): a formerly forested stream segment of the 
Róbalo River impacted by the direct action of C. canadensis, 
including both damming and foraging of the adjacent ripar-
ian mixed forest. FS was located ~ 1 km downstream from 
BP. For more detailed site descriptions see Anderson and 
Rosemond (2007, 2010).
Sample collection and laboratory analysis
Benthic basal resource and macroinvertebrate samples were 
taken in the austral summer of 2003. Five replicates were 
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taken for each sample type. Basal resources were collected 
using a core sampler (0.07  m2) and included (a) coarse ben-
thic organic matter (CBOM > 1 mm), (b) very fine benthic 
organic matter (0.7 µm < VFBOM < 250 µm), and (c) bio-
film. CBOM was obtained with a sieve, and VFBOM on 
pre-ashed filters (0.7 µm, Whatman GF/F). Biofilm was col-
lected using a stiff brush and core sampler on three to five 
rocks in the FS site for each replicate; rocky substrates were 
not available in BP. The slurry was removed and pipetted 
through pre-ashed Whatman GF/F filters. Dominant ben-
thic macroinvertebrate consumers were determined for each 
functional feeding group (FFG): collector-gatherer (Amphi-
poda Hyalella spp.), collector-filterer (Diptera Gigantodax 
spp.), scraper (Ephemeroptera Meridialaris spp.), and preda-
tor (Trichoptera Rheochorema magallanicum) (Anderson 
and Rosemond 2007, 2010). Samples consisted of 10–15 g 
(wet weight, WW) of basal resources and 100 mg WW 
of macroinvertebrate tissue. After collection in the field, 
macroinvertebrates had their guts removed in the labora-
tory under a dissecting scope. The five replicates of each 
category were stored in aluminum foil or cryogenic vials. 
At the field site, samples were kept in liquid nitrogen; trans-
ported on dry ice and stored at − 80 °C until FA analysis 
within several months of sampling. Quantification of total 
lipid and individual FA (reported as mass fractions = µg FA 
per mg dry weight tissue extracted) was conducted at the 
National Water Research Institute (Environment Canada), 
using standard lipid extraction methods followed by gas 
chromatography (GC) analysis (McMeans et al. 2012).
All freeze-dried samples were weighed prior to FA 
analysis. Fatty acid methyl esters (FAME) were obtained 
in a three-step process: extraction, derivatization, and 
quantification on a gas chromatograph. Samples were 
extracted 3 times by grinding freeze-dried tissues in (2:1 
v/v) chloroform:methanol (Folch et al. 1957), followed by 
centrifugation at 3300 r.p.m. to remove non-lipid material. 
Extracted lipids were brought to a final volume of 2 mL. 
Duplicate 200 μL aliquots were dispensed into pre-weighed 
tin cups, which were dried and reweighed on a Sartorius 
(Model ME5) microbalance with ± 1 μg precision to provide 
a quantitative measure of total lipid content. Total lipid and 
FA content were reported as mass fraction (μg) related to 
dry weight (DW) tissue or sample extracted. The remaining 
extract was then transferred into a Shimadzu vial (Sigma 
27319U) and evaporated to dryness, using nitrogen gas and 
stored at − 80 °C until derivatization. For FAME formation, 
aliquots of the lipid extract were evaporated to near dry-
ness under nitrogen in a pre-cleaned vial. Sulphuric acid 
in methanol (1:100 mixture used as a methylation reagent) 
and toluene were added to the vials, the headspace was 
Fig. 1  Location of study area in Róbalo River on Navarino Island (Chile) in southern South America’s sub-Antarctic region. This map was made 
using partial modifications of published cartographies from Antarctica (Downey et al. 2012) and Navarino Island (Rendoll Cárcamo et al. 2019)
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flushed with nitrogen, the vial was vortexed and then incu-
bated (12 h) at 50 °C in a water bath. After the samples were 
cooled, potassium hydrogen carbonate, isohexane:diethyl 
ether (1:1 v/v), and butylated hydroxy toluene (0.01% w/v) 
were added, and the vials were vortexed and centrifuged. 
The upper organic layer was transferred to another labeled 
centrifuge tube; isohexane:diethyl ether (1:1 v/v) was added 
to the original tube, which was then shaken, vortexed, and 
centrifuged. All FAME containing layers were pooled and 
concentrated under nitrogen. FAME were separated using a 
Hewlett Packard 6890 GC with the following configuration: 
splitless injection; column = Supelco (SP- 2560 column) 
100 m × 0.25 mm ID × 0.20-μm-thick film; oven = 140 °C 
(hold for 5 min) to 240 °C at 4 °C min−1, hold for 12 min; 
carrier gas = helium, 1.2  mL  min−1; detector = FID at 
260 °C; injector = 260 °C; total run time =  ~ 42 min per 
sample.
Data analysis
Using the extant literature, we compiled an inventory of 
relevant lipids used as biomarkers (Table 1). Based on 
this inventory, algal contribution to different organic mat-
ter categories was assessed using the sum of the following 
Table 1  Fatty acids used as indicators of algae, bacteria, diatoms and fungi, as well as quality and origin (autochthonous vs allochthonous)
The symbol “x” in 18:xn-3 and 18:xn-6 refers to variable level of unsaturation
Biomarker Cite
Bacteria
 15:0 Kharlamenko et al. (1995), Najdek et al. (2002), Maazouzi et al. (2007), Torres-Ruiz et al. (2007, 2010)
 15:1 Kharlamenko et al. (1995), Maazouzi et al. (2007), Torres-Ruiz et al. (2007, 2010)
 17:0 Kharlamenko et al. (1995), Maazouzi et al. (2007), Torres-Ruiz et al. (2007, 2010)
 17:1 Kharlamenko et al. (1995), Maazouzi et al. (2007), Torres-Ruiz et al. (2007, 2010)
 16:0 Torres-Ruiz et al. (2007, 2010), Volkman et al. (2008)
 18:0 Napolitano (1999), Torres-Ruiz et al. (2007, 2010), Volkman et al. (2008)
Diatoms
 16:1n-7 Napolitano (1994, 1997, 1999), Torres-Ruiz et al. (2007), Maazouzi et al. (2007), Volkmann et al. (2008), 
Taipale et al. (2013)
 20:5n-3 Napolitano (1994, 1997, 1999), Torres-Ruiz et al. (2007)
Algae (not diatoms)
 18:2n-6 Torres-Ruiz et al. (2007), Napolitano (1994, 1999), Napolitano et al. (1997)
 18:3n-3 Taipale et al. (2013), Volkmann et al. (2008), Gladyshev et al. (2013), Twining et al. (2016)
 20:3n-3 Torres-Ruiz et al. (2007), Napolitano (1994, 1999)
 22:5n-3 Torres-Ruiz et al. (2007), Napolitano (1994, 1999), Dunstan et al. (1994), Budge and Parrish (1998), 
Dalsgaard et al. (2003)
 22:6n-3 Torres-Ruiz et al. (2007), Napolitano (1994, 1999)
Algae/bryophytes
 20:4n-6 Torres-Ruiz et al. (2007)
Fungi
 18:1n-9 Torres-Ruiz et al. (2007, 2010)
Quality (PUFA proportion)
 18:xn-3 Goedkoop et al. (1998)
 18:xn-6 Goedkoop et al. (1998)
Autochthonous/allochthonous origin
 n-3:n-6 Torres-Ruiz et al. (2007), Taipale et al. (2014)
Autochthonous origin
 20:5n-3 (EPA) + 22:6n3 (DHA) Hixson et al. (2015)
Allochthonous origin
 20:0 Napolitano (1999), Boon and Duineveld (1996), Kawamura et al. (1987), Meyers et al. (1984)
 21:0 Napolitano (1999), Boon and Duineveld (1996), Kawamura et al. (1987), Meyers et al. (1984)
 22:0 Napolitano (1999), Boon and Duineveld (1996), Kawamura et al. (1987), Meyers et al. (1984)
 23:0 Napolitano (1999), Boon and Duineveld (1996), Kawamura et al. (1987), Meyers et al. (1984)
 24:0 Napolitano (1999), Boon and Duineveld (1996), Kawamura et al. (1987), Meyers et al. (1984)
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individual FA: 16:1n-7, 18:3n-3, 18:2n-6, 20:3n-3, 20:5n-
3, 22:5n-3, 22:6n-3; while bacterial and fungal contribu-
tion was marked using odd number carbon chains FA and 
18:1n-9, respectively. To evaluate the autochthonous and 
allochthonous FA origin, we used the relationship between 
omega-3 and omega-6 fatty acids (Torres-Ruiz et al. 2007; 
Taipale et al. 2014). Polyunsaturated FA (PUFA) contribu-
tion was used to measure resource and consumer FA quality 
(Goedkoop et al. 1998).
To detect differences in FA due to beaver activity, we 
used a t test or Wilcoxon-Mann Whitney test (JMP 9.0 SAS) 
to compare the mean relative contribution  (FAx/total FA) or 
ratio  (FAx/FAy) of biomarkers in basal resources (biofilm, 
VFBOM, CBOM) in BP and FS sites. To compare the com-
plete profile of FS and BP sites under the hypothesis of no 
difference among groups of bacterial, fungi and algal FA 
contribution, we used an analysis of similarity (ANOSIM) 
with PRIMER v6.1.5 (Clarke and Gorley 2006). ANOSIM is 
a nonparametric procedure analogous to analysis of variance 
that tests differences in distance in the ordination matrix of 
FA contributions against random groups (a detailed proce-
dure is provided by Clarke 1993). A total of 9999 random 
permutations were conducted to estimate the significance 
of the R test statistic associated with ANOSIM, following 
Clarke (1993).
Hyalella spp. was chosen for the consumer comparison 
between habitat types because it was the only abundant ben-
thic macroinvertebrate in both sites, constituting more than 
50% of biomass in both BP and FS habitat types (Anderson 
and Rosemond 2007). We then evaluated the FA profiles 
between four taxa (one from each major FFG; the collector-
filterer Gigantodax spp., the scraper Meridialaris spp., the 
collector-gatherer Hyalella spp., and the predator Rheo-
chorema magallanicum) within the FS habitat to determine 
differences in trophic dynamics of natural sub-Antarctic 
streams, evaluating again the mean relative contribution and 
ratio of the FA biomarkers for each FFGs with a one-way 
ANOVA with a post hoc Tukey test (JMP 9.0 SAS; Infostat; 
Di Rienzo et al. 2016).
Results
The FA profile from all samples taken in the BP and FS 
sites is shown in Table 2. From these data, we were able to 
obtain information regarding the origin, composition and 
quality of basal resources available and consumed by benthic 
macroinvertebrates.
Carbon source
We detected a trend of higher mass fraction of allochtho-
nous, long-chain saturated fatty acids (SFA, see Table 1) in 
FS compared to BP samples, which was statistically signifi-
cant for CBOM (t = -9.87, d.f. = 8, p < 0.0001) and Hyalella 
spp. (t = -6.96, d.f. = 8, p = 0.0001) (Fig. 2a; Table 2). The 
proportion of autochthonous versus allochthonous FA (see 
Table 2) indicated there was little difference between BP and 
FS samples, with the exception of consumers (amphipods), 
which had a significantly higher proportion of autochthonous 
FA in BP reaches (t = 6.11, d.f. = 8, p = 0.0003). Moreover, 
autochthonous contribution, measured as the sum of 20:5n-3 
(EPA) and 22:6n-3 (DHA), was significantly higher in BP 
than FS for CBOM and Hyalella spp. (W = 40, p = 0.008; 
W = 38, p = 0.03, respectively; Table 2).
Macroinvertebrate consumers from all sampled functional 
feeding groups (collector-gatherer Hyalella spp., collector-
filterer Gigantodax spp., scraper Meridialaris spp. and pred-
ator R. magellanicum) were abundant in the FS site. Meridi-
alaris spp. and R. magellanicum showed no allochthonous 
contribution and could not be assessed, since the proportion 
could not be made due to 0 values of allochthonous bio-
markers. Regarding consumer basal resource dependence, 
the collector-filterer Gigantodax spp. had a greater propor-
tion of autochthonous FA (i.e. > autochthonous/allochtho-
nous ratio), compared to the collector-gatherer Hyalella spp. 
(F3,16 = 5437, p < 0.0001) (Table 2).
Composition of basal resources
The similarity analysis for FA from basal resources and from 
a collector-gatherer in BP and FS showed significant dif-
ferences (Global R = 0.719, p = 0.001), when considering 
FA contributions among CBOM, VFOM, and Hyalella spp. 
Overall, the relative contribution of algal and diatom FA was 
higher in BP, compared to FS, and this effect was significant 
for CBOM (t = 8.1, d.f. = 8, p < 0.0001) (Fig. 3a). Among FS 
basal resources, biofilm showed the highest concentration 
of algal and diatom FA, following by VFBOM and CBOM 
(Fig. 3a). Bacterial FA biomarkers were higher in BP than 
FS for CBOM (t = 5.94, d.f. = 4, p = 0.004) (Fig. 3b), while 
fungi FA biomarkers only increased significantly in FS for 
VFBOM (t = -3.16, d.f. = 7, p = 0.02; Fig. 3c). Biofilm dis-
played more fungi FA biomarkers than the other two basal 
resources, as it also did with algae and diatom FA biomark-
ers (Fig. 3c).
Comparison of consumers
The amphipod Hyalella spp. showed a higher mass frac-
tion of allochthonous FA biomarkers in BP compared to FS 
samples (t = -6.96, d.f. = 8, p = 0.0001) (Fig. 2a). Algal and 
bacterial FA biomarkers were higher in BP than FS for the 
amphipod Hyalella spp. (t = 8.1, d.f. = 8, p < 0.0001; t = 5.48, 
d.f. = 8, p = 0.0006; respectively) (Fig. 4). Moreover, in 
BP, Hyalella spp. showed a higher proportion of algal and 
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fungal FA biomarkers than VFBOM and CBOM biomark-
ers (Table 2).
Similarly, the mass fraction of algal FA was significantly 
greater in the scraper Meridialaris spp., followed by the 
collector-filterer Gigantodax spp. and predator R. magal-
lanicum, and lastly the collector-gatherer Hyalella spp. 
(F3,16 = 75.57, p < 0.0001) (Fig. 4). On the other hand, bac-
terial fractions were lower in amphipods than the other FFGs 
(F3,16 = 83.04, p < 0.0001). Finally, the relative contribution 
of fungal FA was significantly lower in the scraper Meridi-
alaris spp. than the other FFGs (F3,16 = 10.64, p = 0.0004) 
(Fig. 4).
Fatty acids composition between Hyalella spp. from FS 
and BP differed in the contribution of each FA group, basal 
resource origin and quantity (26 and 24 FA contributed in 
FS and BP, respectively; Table 2). Moreover, this PUFA was 
Table 2  Mean mass fraction in µg related to the dried mass (±SE) of fatty acids in benthic basal resources and macroinvertebrates from sites in 
a beaver pond and a natural forested stream
FA contribution units are µg per mg dried weight
SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids
Fatty acid Beaver pond (BP) stream Natural forest (FS) stream






14:0 0.01 (0.01) 0.03 (0.01) 0.17 (0.01) 0.01 (0.00) 0.05 (0.01) 0.11 (0.01) 0.20 (0.01) 0.24 (0.03) 0.21 (0.02)
15:0 0.12 (0.01) 0.01 (0.00) 0.12 (0.01) 0.15 (0.01) 0.11 (0.01) 0.12 (0.01) 0.10 (0.01)
16:0 0.04 (0.00) 0.16 (0.02) 4.47 (0.08) 0.05 (0.01) 0.20 (0.01) 4.03 (0.11) 7.85 (0.09) 7.83 (0.25) 9.84 (0.52)
17:0 0.27 (0.01) 0.04 (0.01) 0.35 (0.01) 0.54 (0.02) 1.14 (0.03) 0.84 (0.11)
18:0 0.01 (0.00) 0.06 (0.01) 1.11 (0.03) 0.02 (0.00) 0.09 (0.01) 1.10 (0.02) 2.03 (0.02) 4.11 (0.09) 3.91 (0.25)
20:0 0.01 (0.00) 0.10 (0.02) 0.05 (0.00) 0.03 (0.01) 0.46 (0.07) 0.07 (0.01) 0.21 (0.01) 0.27 (0.01) 0.26 (0.03)
21:0 0.02 (0.01) 0.03 (0.01) 0.02 (0.00) 0.05 (0.01) 0.02 (0.01) 0.05 (0.01)
22:0 0.02 (0.00) 0.01 (0.00) 0.07 (0.01) 0.66 (0.06) 0.09 (0.01) 0.27 (0.02) 0.25 (0.04)
24:0 0.01 (0.00)
Total SFA 0.10 (0.04) 0.39 (0.09) 6.26 (0.15) 0.15 (0.03) 1.62 (0.18) 5.92 (0.18) 10.99 (0.17) 14.00 (0.45) 15.46 (0.99)
%SFA/FA 41.7 (16.7) 44.8 (10.3) 18.1 (0.4) 55.6 (11.1) 69.5 (7.7) 18.0 (0.5) 24.0 (0.4) 24.1 (0.8) 25.5 (1.6)
14:1n-5 0.02 (0.02)
15:1
16:1n-7 0.06 (0.03) 0.11 (0.02) 0.92 (0.03) 0.03 (0.01) 0.05 (0.01) 0.56 (0.04) 4.39 (0.08) 4.01 (0.17) 3.68 (0.37)
17:1 0.01 (0.00) 0.04 (0.01)
18:1n-9 0.01 (0.00) 0.04 (0.01) 0.02 (0.01) 0.04 (0.01) 0.06 (0.01) 0.04 (0.01) 0.07 (0.01)
18:1n-9 0.01 (0.00) 0.07 (0.02) 8.26 (0.08) 0.02 (0.00) 0.14 (0.01) 8.16 (0.40) 8.23 (0.08) 6.19 (0.16) 9.66 (0.52)
20:1n-9 0.68 (0.01) 0.02 (0.01) 0.56 (0.01) 0.08 (0.01) 0.24 (0.01) 0.17 (0.02)
22:1n-9 0.04 (0.01) 0.03 (0.01) 0.01 (0.00)
24:1n-9 0.09 (0.01) 0.01 (0.01) 0.08 (0.01)
Total MUFA 0.07 (0.04) 0.19 (0.05) 10.03 (0.15) 0.05 (0.02) 0.25 (0.06) 9.43 (0.48) 12.78 (0.20) 10.52 (0.37) 13.59 (0.93)
%MUFA/FA 29.2 (16.7) 21.8 (5.7) 29.0 (0.4) 18.5 (7.4) 10.7 (2.6) 28.6 (1.5) 27.9 (0.4) 18.1 (0.6) 22.1 (1.5)
18:2n-6 0.01 (0.00) 0.09 (0.03) 3.11 (0.10) 0.02 (0.00) 0.17 (0.01) 3.41 (0.16) 4.72 (0.04) 3.65 (0.20) 3.72 (0.15)
18:3n-6 0.01 (0.01) 0.14 (0.01) 0.01 (0.00) 0.10 (0.01) 0.18 (0.01) 0.18 (0.01) 0.16 (0.02)
18:3n-3 0.01 (0.00) 0.07 (0.04) 1.63 (0.07) 0.01 (0.00) 0.15 (0.01) 1.66 (0.14) 7.52 (0.07) 14.07 (0.40) 13.36 (1.83)
20:2 0.01 (0.00) 0.55 (0.02) 0.60 (0.02) 0.03 (0.01) 0.07 (0.01) 0.06 (0.01)
20:3n-6 0.09 (0.01) 0.09 (0.01) 0.03 (0.01) 0.06 (0.01) 0.03 (0.01)
20:3n-3 0.26 (0.02) 0.02 (0.00) 0.22 (0.01) 0.03 (0.01) 0.28 (0.01) 0.11 (0.02)
20:4n-6 0.02 (0.00) 0.06 (0.01) 2.78 (0.05) 0.02 (0.01) 0.09 (0.01) 3.43 (0.11) 1.02 (0.02) 1.19 (0.04) 1.62 (0.09)
22:2 0.01 (0.01) 0.01 (0.00)
20:5n-3 0.03 (0.01) 0.05 (0.01) 7.42 (0.20) 0.01 (0.00) 0.02 (0.01) 6.25 (0.19) 8.31 (0.10) 13.99 (0.23) 13.12 (1.04)
22:5n-3 0.89 (0.02) 0.88 (0.03) 0.09 (0.01)
22:6n-3 1.43 (0.11) 0.01 (0.00) 0.95 (0.07) 0.18 (0.01) 0.01 (0.00) 0.04 (0.03)
Total PUFA 0.07 (0.04) 0.29 (0.11) 18.31 (0.62) 0.07 (0.02) 0.46 (0.06) 17.62 (0.76) 22.02 (0.28) 33.49 (0.92) 32.31 (3.21)
%PUFA/FA 29.2 (16.7) 33.3 (12.6) 52.9 (1.8) 25.9 (7.4) 19.7 (2.6) 53.4 (2.3) 48.1 (0.6) 57.7 (1.6) 52.7 (5.2)
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only detected in small amounts in Hyalella spp. Comparing 
all consumers in FS, it is remarkable that Gigantodax spp. 
had no 22:0, and the contribution of the 14:0 in these organ-
isms differed from the other consumers (Table 2).
Relative contribution of PUFA
FA quality (mean relative contribution of polyunsatu-
rated fatty acids = PUFA) was observed to be significantly 
higher in CBOM from FS than in CBOM in BP samples 
(t = 4.48, d.f. = 4, p = 0.01; mean ± SD = 0.46 ± 0.06 and 
0.29 ± 0.11, respectively) and tended to be higher in Hya-
lella spp. (t = 1.86, d.f. = 8, p = 0.09) (Fig. 5; Table 2). On 
the other hand, VFBOM PUFA in FS showed more than 
a 10% contribution of DHA, which was less than 2% in 
BP-VBOM samples; similarly, 20:3n-3 was only detected 
in BP CBOM (Table 2). The collector-gatherer Hyalella 
spp. and the collector-filterer Gigantodax spp. showed a 
decreasing pattern in the mass fraction of PUFA > mono-
unsaturated fatty acids (MUFA) > SFA, meaning that better 
quality FA (PUFA, which cannot be synthesized by most 
animals) was greater than modified forms of FA (MUFA and 
SFA), while R. magellanicum and Meridialaris spp. showed 
PUFA > SFA > MUFA (Table 2). The principle macroinver-
tebrate SFA were 16:0, 18:0, 17:0, while common MUFA 
were 18:1n-9, 16:1n-7, and 20:1n-9. Major PUFA repre-
sented in the samples included 20:5n-3, 18:3n-3, 18:2n-6, 
and 20:4n-6. In both sites, CBOM and VFBOM FA compo-
sition displayed the following pattern of abundance: SFA 
(mostly 16:0 and 18:0) > PUFA > MUFA (Table 2).
Discussion
Beaver effects on benthic food webs are relevant at the 
landscape-scale in Tierra del Fuego’s sub-Antarctic streams 
because, on average, they increased the retention of organic 
matter in watersheds by 72% (Anderson et al. 2014), and 
they also increase the decomposition rate of N. pumilio 
leaves (Ulloa et al. 2012). By integrating the present study’s 
FA results to previous knowledge of sub-Antarctic limnol-
ogy, we now can add several new insights and re-affirm other 
aspects of aquatic ecology in southern Patagonia. This study 
supports previous assertions that Tierra del Fuego’s sub-
Antarctic stream consumers are underpinned by a variety 
of basal resources (Anderson and Rosemond 2010). How-
ever, we here we also identify previously undocumented 
consumption from algal, fungal and bacterial sources. The 
previous TBP study by Anderson and Rosemond (2010) also 
showed that amorphous detritus was a dominant energy flow 
pathway in both FS and BP. Here, we report that benthic 
consumers all had relatively high contributions of algal and 
diatom FA to their overall lipid profile (> 40%). This finding 
Fig. 2  Mean relative contribution (±SE) of fatty acid (FA) indica-
tors to total FA from samples of biofilm, very fine benthic organic 
matter (VFBOM), and coarse benthic organic matter (CBOM) were 
compared between beaver ponds (BP: gray shading) and natural for-
ested streams (FS: no shading) for biomarkers of a allochthonous, b 
autochthonous:allochthonous, and c autochthonous measured as the 
sum of DHA and EPA. Asterisk (*) indicates statistically significant 
differences
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indicates that even though the contribution of autochtho-
nous-derived FA is low in the basal resources sampled in 
BP, they are important for these consumers. Likewise, it 
helps interpret stable isotope results, which had unexplained 
sources.
Overall, we obtained evidence to partially support the 
hypothesis that beaver invasion increases the contribution of 
autochthonous basal resources, which are, furthermore, of 
higher quality. For example, the amount of PUFA (an indi-
cator of quality due to its physiological importance for con-
sumers; Ahlgren et al. 1997; Brett and Müller-Navarra 1997) 
in CBOM was greater in BP sites than FS, which also trans-
lated to greater amounts of PUFA in the consumer Hyalella 
spp. from BP. Plus, the relative contribution of terrestrially 
derived long-chain SFA was significantly greater in FS sites 
than BP sites. BP sites might have greater primary produc-
tion or at least this production is more available to benthic 
consumers. Furthermore, even though the autochthonous/
allochthonous FA ratio is very low in these resources, it is 
much higher in the consumer, indicating either an unidenti-
fied autochthonous dietary source or the selective retention 
of these essential FA (e.g., due to FA differences in retentive 
metabolism in organisms, Kainz et al. 2004). We note that 
previous gut analyses did not reveal filamentous algae or 
cyanobacteria as other potential aquatic primary production 
basal resources, but diatoms were observed to increase in BP 
as a proportion of gut contents (Anderson and Rosemond 
2010). Thus, FA analysis integrates information of autoch-
thonous contribution that was not possible to reveal from gut 
contents analysis. Moreover, considering the metrics pro-
posed by Torres-Ruiz et al. (2007), Taipale et al. (2014) and 
Hixson et al. (2015), we showed a shift in the carbon origin 
in BP by evaluating the possible sources and Hyalella spp. as 
a consumer. We can also recommend the use of this amphi-
pod as a good sentinel species for these systems. Hyalela 
spp. broadly integrated the underlying ecosystem changes 
fueled by the beaver’s ecosystem engineering activities.
Until now it was not possible to elucidate the constitu-
ent microbial components of basal resources. For example, 
stable isotopes did not clarify the origin of basal resources, 
since measured autochthonous and allochthonous basal 
resource signatures were not distinguishable, and there-
fore, mixing models were not possible to clarify the rela-
tive contribution of these organic matter sources (Anderson 
Fig. 3  Mean relative contribution (±SE) of fatty acid (FA) indicators 
to total FA from samples of biofilm, very fine benthic organic mat-
ter (VFBOM), and coarse benthic organic matter (CBOM) were com-
pared between beaver ponds (BP: gray shading) and natural forested 
streams (FS: no shading) for biomarkers (see Table 1) of a algae and 
diatoms, b bacteria, and c fungi. Asterisk (*) indicates statistical sig-
nificant differences. Table 1 indicates FA selected for each category. 
Table  2 indicates the contribution to FAs for each resource or con-
sumer
▸
431Polar Biology (2020) 43:423–433 
1 3
and Rosemond 2010). Here, we found that biofilm had FA 
indicative of both autotrophs and heterotrophs, specifically 
the relative contributions of algae and diatom FAs were 
approximately twice that of the fungal FA, which in turn 
were an order of magnitude higher than those from bacteria. 
This finding is also supported by the FA indicators in the 
scraper Meridialaris sp., which is very similar to those of 
biofilm (i.e. its most important food item). It is of note that 
all three basal resource types measured here had FA from 
both autotrophs and heterotrophs (with a higher contribution 
of autotrophs). In particular, fungi did not show up in the 
previous dietary studies, but is apparently a significant item 
in consumer diets and is found in all basal resources.
In conclusion, these findings support previous evidence 
that sub-Antarctic stream benthic food webs are based 
largely on allochthonous organic material. However, they 
also highlight the previously underappreciated role of 
autochthonous production in these systems. Further, our 
study provides initial evidence regarding the constituent 
parts of major basal resource categories. Thus, the effects 
of beaver invasion on sub-Antarctic streams not only 
increases secondary production by an order of magnitude 
and decreases benthic macroinvertebrate diversity (Ander-
son and Rosemond 2007), and it also affects the origin, com-
position and quality of organic matter in these streams.
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